Ice-core nitrate concentrations peak in the summer in both Greenland and 2 Antarctica. Two nitrate concentration peaks in one annual layer have been observed in 3 some years in ice cores in Greenland from samples dating post-1900, with the 4 additional nitrate peak occurring in the spring. The origin of the spring nitrate peak 5 was hypothesized to be pollution transport from the mid-latitudes in the industrial era. 6
peak. The enhanced local photochemistry is probably associated with the interannual 1 variability of O 3 column density in the Arctic which leads to elevated surface UV 2 radiation in some years. In this scenario, enhanced photochemistry causes increased 3 local nitrate production under the condition of elevated local NO x abundance in the 4 industrial era. 5
Introduction 6
Knowledge of the abundance and variability of reactive nitrogen oxides (NO x = 7 NO + NO 2 ) is valuable because of the critical role that NO x plays in determining the 8 oxidative capacity of the atmosphere. The oxidative capacity of the atmosphere is 9 determined by the tropospheric abundance of hydrogen oxide radicals (HO x = OH + 10 HO 2 ) and O 3 and largely controls the residence times of pollutants (e.g., CO) and 11 greenhouse gases (e.g., CH 4 ) . NO x is emitted from a variety of sources including 12 fossil fuel combustion, biomass burning, soil emissions, and lightning (Logan, 1983) . 13 In the atmosphere, NO x cycle rapidly between NO and NO 2 according to: 14 2 Reactive halogen species (e.g., BrO) may also play a role in NO x cycling and 3 nitrate formation, especially in the Arctic (Morin et al., 2007) . R4 mainly occurs 4 during daytime, as the result of diurnal variations in OH concentrations. The 5 conversion to nitrate via O 3 (R5-R8) is negligible during the day, since the NO 3 6 radical is rapidly photolyzed back to NO x in sunlight. Globally, oxidation of NO x by 7 OH (R4) is thought to be the dominant nitrate formation pathway on an annual basis 8 (Alexander et al., 2009 ). Once formed, nitrate is removed from the atmosphere mainly 9 through wet and dry deposition to the surface. Efforts have been made to use ice core 10 nitrate records to assess information about past changes in the global NO x 11 environment (Fischer et al., 1998; Mayewski et al., 1990) , and potentially about the 12 past variations in the atmospheric oxidation capacity (Alexander et al., 2004) . 13 However, nitrate concentration in polar snow is also influenced by variations in snow Yang et al. (1995) stated that at Summit the additional peak 11 occurs in late winter/early spring, which is consistent with the dating in Burkhart et al. 12 (2006) . 13 The occurrence of this occasional spring nitrate peak has been hypothesized to be 14 associated with pollution transport from the mid-latitudes (Burkhart et al., 2006 ; Yang 15 et al., 1995) , though this hypothesis and the occasional nature of the spring nitrate 16 peak were not carefully examined. Anthropogenic NO x emissions from fossil fuel 17 combustion have increased the concentrations of atmospheric NO x and other nitrogen 18 species (e.g., HNO 3 ) in the northern hemisphere since 1900, especially in the last 50 19 years (Galloway et al., 2003) . A corresponding increase in nitrate concentrations in 20
Greenland ice cores has been documented (Mayewski et al., 1990) . Direct transport of 21 NO x from the mid-latitudes to the Arctic is unlikely given the short lifetime of NO x 22
(1-3 days (Levy et al., 1999) ). Alternatively, long range transport of nitrate and NO x 23 precursors (e.g., PAN) from anthropogenic NO x source regions could lead to increases 24 in Greenland snow nitrate concentrations. However, the relative importance of nitrate 1
and NO x precursors to Greenland snow nitrate is unclear. An earlier study suggested a 2 significant contribution from PAN (e.g., (Ford et al., 2002) ), whereas a recent study 3 (Geng et al., 2014) suggests that transport to Greenland occurs mainly in the form of 4 gaseous HNO 3 . In addition to PAN decomposition as a potential local source of NO x , 5 the photolysis of nitrate in snowpack produces NO x , which is quickly transported to 6 the overlying atmosphere by diffusion and wind pumping (Zatko et al., 2013) . This is 7 consistent with the elevated NO x concentrations observed in the ice sheets during 8 polar summers (Honrath et al., 1999) . In particular, a model study (Thomas et al., 9 2012 ) suggested that at Summit, NO x produced from snow nitrate photolysis in 10 summer can account for all of the observed NO x concentrations in the overlying 11
atmosphere. In addition, Kramer et al. (2014) implied that, after polar sunrise, 12 atmospheric NO y (odd nitrogen species other than PAN and NO x ) can release NO x 13 through photochemistry. In summary, there are two ways that pollution transport can 14 influence the springtime nitrate budget at Summit, 1) direct transport of nitrate, and 2) 15 transport of NO x precursors. In order to cause a spring nitrate peak, the latter requires 16 local conditions favoring NO x release from its precursors and its subsequent 17 conversion to nitrate. 18
The isotopic composition of nitrate can provide valuable information not 19 available from concentration measurement alone, for example, regarding the 20 pathways of NO x conversion to nitrate in the atmosphere (Michalski et al., 2003 After atmospheric nitrate is deposited to the snow, UV photolysis will convert 13 snow nitrate back to NO x , which is then released to the atmosphere (Honrath et al., 14 1999 ; Thomas et al., 2012; Zatko et al., 2013) . This snow-sourced NO x will be re-15 oxidized in the atmosphere to nitrate, which is subsequently re-deposited to surface 16 snow or transported away. Reformation of nitrate in the condensed phase of snow 17 grains can also occur if the nitrate being photolyzed is trapped inside the snow grain 18 instead of on the surface (Meusinger et al., 2014) . This is the so-called post-19 depositional processing of snow nitrate, which includes the steps of photolysis, 20 recombination of photoproducts in the condensed phase and in the overlying 21 atmosphere (i.e., recycling), and the re-deposition and/or export of snow-sourced 22 nitrate. Post-depositional processing induces isotopic effects (Frey et al., 2009 ). In addition, the re-oxidation of the snow-sourced NO x to nitrate in the 8 overlying atmosphere will occur mainly through the OH formation pathway. This is 9 because active snow nitrate photolysis requires strong radiation, which is also when 10 atmospheric nitrate is mainly formed through the daytime reaction channel(NO x + 11 OH). Recycling of snow-sourced NO x in the atmosphere will thus likely lower 12 ). At sites with snow accumulation rates greater than 100 kg/m 2 /a, the 17 oxygen isotope exchange in the condensed phase is minimal (Erbland et al., 2013 ), and the isotopic composition of nitrate in a snowpit from central 9
Greenland were measured. The concentration data were used to establish their 10 temporal patterns and to identify any spring nitrate peak(s). The isotopic data were 11 used to assess the chemistry of nitrate in any identified spring peaks and to discern the 12 origin of the peak. Further examinations were conducted on a shallow ice core to 13 determine whether the mechanism leading to the spring nitrate peak observed in the 14 snowpit is representative of the occasional nature of the spring nitrate peaks observed 15 in Greenland snow since 1900. The density profile of the snow blocks were also measured in the field. In 10 particular, in the field, a small snow cube was collected every 5 cm from the wall of a 11 snowpit. The weight and the volume of the snow cube were measured and then the 12 density of the snow was calculated. The snow density profile from the surface to the 13 depth of 2.1 m was included as supplemental data. 14
Chemical and isotope analysis 15
At SDSU, another set of snow samples (referred to as SP-2) in a vertical sequence 16 was chiseled out from the snow blocks, after the removal of a surface layer of at least 17 1 cm in thickness, and collected in clean plastic sample containers. All tools and 18 sample containers were pre-cleaned with 18 MΩ water prior to use, and clean 19 disposable plastic gloves were always worn during sample handling. In total, 71 20 samples with a depth resolution of 3 cm were obtained. These samples were allowed 21 to melt at room temperature and the meltwater samples were then analyzed by ion 22 chromatography for concentrations of major ions in snow (Na The concentration measurements of the SP-2 samples described above were used 12 to estimate the volume of meltwater needed to provide sufficient nitrate mass (500 13 nmoles, allowing for replicate measurements) for isotopic analysis. Based on that 14 estimate, the snow blocks were carved vertically to yield large samples for isotope isotope ratios in nitrate of the SB samples were performed in the stable isotope 23 laboratory at University of Washington (UW) using the bacterial denitrifier method 24 (Kaiser et al., 2007) . Briefly, nitrate in the samples was first converted into N 2 O gas 1 by the bacteria Pseudomonas aureofaciens; the N 2 O was carried on-line by helium 2 gas into a heated gold tube where it was thermally decomposed to N 2 and O 2 . These 3 were then separated by gas chromatography and the isotopic ratio(s) of each gas 4 
Results 9

Dating and identifying spring nitrate peak(s) 10
The concentration data from the SP-1 and SP-2 samples, and the isotopic data 11 from the SP-1 and SB samples, were plotted as a function of depth in Figure 1 resulted in nitrate produced in summer dry depositing to the prior spring snow layers, 22 making it appear as if the peak occurs in spring using Method B. In addition, the 23 nitrate profiles in SP-1 and SP-2 are slightly different (i.e., nitrate peaks are not 24 exactly at the same depths), which is likely due to the spatial variability of snow 1 accumulation rates in the field due to snow drifting. But the overall temporal patterns 2 of the nitrate profiles in SP-1 and SP-2 are similar, suggesting there was negligible 3 disturbance of the stratigraphy of the snow blocks during delivery and storage. 4 The record of nitrate concentrations from the shallow ice core is shown in Figure  5 2 (data are available in Supplemental Material). The annual layer dating of this core 6 was performed by counting the annual spring peak of calcium (Cole-Dai et al., 2013). 7
From this ice core, we found there are nineteen years with two nitrate peaks in the 8 period of 1960 to 2006, obtained by subtracting total calcium peaks from total nitrate 9 peaks in this period ( Figure 2 ). We don't attempt to specifically identify the 10 seasonality of these peaks due to the lack of a reliable summer layer indicator in the 11 firn core. The Cl -/Na + ratio is influenced by atmospheric acidity (details in 12 Supplemental Material). In the preindustrial period, atmospheric acidity peaks in 13 summer due to high summer production of non-sea-salt sulfate and nitrate (Whitlow 14 et al., 1992) . This leads to an enhancement in excess chloride in summer through 15 acid-sea salt displacement (Legrand and Delmas, 1988) . Given the summer low Na + 16 concentrations, the Cl -/Na + peak falls almost precisely in summer in the preindustrial 17 period, making it a good summer layer indicator. However, in much of the industrial 18 era, the annual Cl -/Na + peak shifts toward the major annual non-sea-salt sulfate peak 19 (usually in winter, Figure S2 , top panel) inhibiting its ability to serve as a summer 20 layer indicator. This makes it difficult to unambiguously identify the secondary nitrate 21 peak in the years with double nitrate peaks as occurring in a specific season (e.g., 22
spring), though we note that previous studies have been able to identify the secondary 23 nitrate peak as occurring in the spring by using summer layer indicators (e.g., H 2 However, the data from the snowpit show that neither SO 4 2-nor Mg 2+ concentrations 10 were elevated (Figure 1f and 1g 
Either a substantial increase in UV-B in the troposphere or an increase in the 23 water vapor content at elevated atmospheric temperatures can increase OH production 24 and therefore enhance the conversion of NO x to HNO 3 via OH oxidation (R4). In 1 addition, two other important oxidants involved in NO-NO 2 cycling (R2), HO 2 and 2 RO 2 , are formed by reactions of carbon monoxide (CO) and hydrocarbons (RH) with 3
Increased OH will enhance NO-NO 2 cycling via HO 2 and RO 2 and reduce the relative 7 importance of O 3 in NO x cycling, which also leads to lowered Δ 17 O in nitrate. 8
Using temperature and relative humidity data at Summit from the Greenland 9 Climate Network Data (GCND, 10 http://cires.colorado.edu/science/groups/steffen/gcnet/order/admin/station.php), we 11 To determine the effect of reduced column O 3 density on OH production at the 23 surface, we used the TUV model to estimate the OH production rate (R9 and R10) at 24 Summit due to enhanced photolysis of boundary layer O 3 . Our calculation showed 1 that the OH production rate due to this mechanism alone was increased by 90 % in the 2 spring of 2005 resulting from the decrease in O 3 column density from 390 to 290 DU. 3
Assuming that the production of HNO 3 Further examination on a firn core indicates that in most years direct transport of 1 nitrate from polluted regions is likely responsible for the additional nitrate peak. This, 2 combined with the snowpit results, suggests that there are two mechanisms for the 3 occurrence of the additional annual nitrate peak in the industrial era, 1) direct 4 transport of nitrate from polluted regions, and 2) enhanced local photochemical 5 production of nitrate. We note that both of these mechanisms are related to pollution 6 transport, as the additional nitrate from either direct transport or enhanced local 7 photochemistry requires enhanced nitrogen sources from anthropogenic emissions. 
